A standard fruit growth curve, used commercially as an aid to hand thinning, was compared to periodic volume measurements of apple fruit (Malus domestica Borkh. 'Delicious') subjected to early season regulated deficit irrigation (RDI) to determine when to end RDI, which is used to control vegetative growth and save water. RDI suppressed stem water potential, stomatal conductance, and fruit growth rate compared to the trickleand furrow-irrigated controls, which wetted about one-half and the entire soil volume, respectively. Full irrigation was restored to RDI trees by trickle and microsprinklers, which wetted about one-half and the entire soil volume, respectively, after terminal buds set. Stem water potential, stomatal conductance, and fruit growth rate of RDI trees increased to that of the controls, except for RDI/trickle trees, which had 80% the stomatal conductance of the other treatments. Fruit weight at harvest was affected by an interaction of irrigation treatment and cropload. RDI trees had similar or less vegetative growth and similar or higher yield efficiency than the controls. We recommend ending RDI before fruit growth declines below the standard curve.
Batsch] trees where deficit irrigation reduced stomatal conductance and shoot growth similarly, regardless of irrigated soil volume; in contrast, in nondeficit-irrigated trees, these factors were proportional to the irrigated soil volume (Proebsting et al., 1989) . A strategy to use regulated water deficits and reduced wetted root volume, with appropriate timing, would be useful in arid apple-growing regions to promote partitioning of metabolites that would favor fruiting in apple trees. The same information would be useful for formulating irrigation strategies when water supplies are inadequate.
Fruit growth is the major limiting factor in developing a usable water management system for apple tree size control. RDI sometimes suppresses fruit growth. However, there is some evidence of enhanced fruit growth rate, above that of normally irrigated trees, when full irrigation is restored following the deficit period (Assaf et al., 1975; Chalmers et al., 1981 Chalmers et al., , 1986 Cohen and Goell, 1988; Li et al., 1989; Mitchell et al., 1982 Mitchell et al., , 1984 Mitchell et al., , 1986 . Monitoring apple fruit growth to determine when to end RDI would be useful to all desirable fruit sizing before harvest. Assaf et al. (1982) proposed using apple fruit growth as a basis for irrigation scheduling to produce a predictable fruit size at harvest; however, they did not discuss modifying irrigation scheduling to reduce vegetative growth additionally.
Standard fruit growth curves were developed and are available commercially to estimate fruit size at harvest as an aid to hand thinning (Batjer et al., 1957) , because fruit growth is sensitive to cropload (Forshey and Elfving, 1989) . In our study, RDI was used to produce midseason drought stress to restrict vegetative growth of apple trees. Based on the effect of irrigation treatment on fruit growth, we determined when RDI should be ended and then illustrate how standard fruit growth curves can be used to schedule RDI.
Materials and Methods
This study was conducted during the 1988 and 1989 growing seasons in an orchard near Prosser, Wash., that consisted of 'Redspur Delicious'/MM.106 as the main cultivar and 'Golden Delicious'/M.26 as the pollinizer. The trees were spaced 5.5 × 5.5 m. A 1.5-mwide strip within the tree row was maintained free of sod with herbicides. There was a wellestablished sod cover between rows that was mowed every 2 weeks. The sod became dormant by the end of June in trickle-irrigated plots.
The soil was a Warden fine sandy loam that was uniform down the profile. Field capacity (FC) was ≈28% by volume and permanent wilting percentage (PWP) was ≈8%. Soil depth averaged 1.4 m.
Average annual precipitation in this semiarid environment is 190 mm, of which 50 mm falls during May through September (Kleingartner, 1977) . Total evaporation from a U.S. Weather Bureau class "A" evaporation pan at the site was ≈800 mm from June through September in 1988 and 1989. There were four treatments: furrow control, trickle control, RDI/microsprinkler, and RDI/trickle. The design contained three blocks. To prevent contamination of the other treatments by the furrow control, this treatment could not be randomized in what otherwise was a randomized block experiment. The furrow control consisted of the first two tree rows. Three furrow-irrigated trees adjacent to each block of the other three treatments were considered to be part of that block. Each of the other treatments consisted of nine trees per block grouped together in three rows with three trees per row, with the inner row the pollinizer.
Furrow irrigation was applied every 2 weeks to refill the entire soil volume to FC and thus minimize plant water deficits. Furrow irrigation was started 2 June 1988 and 6 June 1989 and was applied through harvest.
The trickle control trees received water equal to 100% of calculated evapotranspiration (ET) (James et al., 1988) . ET was determined from an evaporation pan with a pan coefficient of 0.8 and adjusted by a crop coefficient. The crop coefficient was determined by the projected area of the canopy divided by the planting area and was changed on the 15th of each month starting with 0.45 for April (full bloom was 22 Apr. 1988 and 20 Apr. 1989) then 0.7, 0.85, 0.9, 0.85, 0.7, and 0.45 for May through October. Water applied assumed a field application efficiency of 0.9. Emitters for trickle treatments were spaced 1 m apart in a line and 0.5 to 1 m from the tree trunk. Irrigation starting and ending dates for the trickle control were the same as for the furrow control. Trickle irrigating at 100% ET kept ≈25% of the soil volume near FC.
RDI was imposed until terminal buds set in the RDI/trickle and RDI/microsprinkler plots.
Irrigation can be used to control the wetted root volume and plant water deficits of fruit trees in arid climates. The wetted root volume is less using trickle irrigation than using irrigation methods that wet the entire soil surface (Elfving, 1982) . Water is applied to soil at one point through trickle emitters, which allows removal of available soil moisture by roots distant from the emitters. Roots in dry soil remain alive, but the bulk of water absorbed by roots occurs within the wetted soil volume under emitters. Plant water deficits can be induced in fruit trees by regulated deficit irrigation (RDI), which is the return of less water than trees are evapotranspiring (Boland et al., 1993; Mitchell et al., 1984) .
Reducing the wetted root volume can suppress shoot growth (Richards and Rowe, 1977) . Increasing plant water deficits can suppress shoot and fruit growth (Chalmers, et al., 1983; Lakso, 1985; Landsberg and Jones, 1981) , with vegetative growth being more sensitive than fruit growth Forshey and Elfving, 1989; Irving and Drost, 1987 All water was withheld during RDI and restored on 8 July at 100% ET in the RDI/ trickle treatment in 1988. In the same treatment, in 1989, all water was withheld until 6 June and applied at 100% ET from 6 to 30 June. However, shoot growth restarted, so water was again withheld. Trickle irrigation was restarted 15 Aug. and run continuously for 10 days to rewet about half the soil volume to FC; thereafter, it was run to replace 100% ET.
All water was withheld during RDI in the RDI/microsprinkler treatment in both years. Irrigation was restored on 8 July 1988 with daily 12-h application to keep soil moisture near FC and minimize plant water deficits. In 1989, microsprinklers were run continuously for 5 days to bring the entire soil volume to FC; thereafter, they were run to replace 100% ET.
Trees were thinned to one fruit/spur by mid-June in 1988. However, because of a heavy cropload the previous year, the furrowirrigated trees had a cropload of 2.2 fruit/cm 2 trunk cross-sectional area (TCA) ± SE = 0.1, which was about half that of the other treatments, which averaged 5.4 fruit/cm 2 TCA ± SE = 0.5. Three cropload levels, which spanned the cropload range in 1988, were established in 1989. One tree per treatment in each block was hand-thinned by 25 June to two to three fruit/spur (which averaged 9.7 fruit/cm 2 TCA ± SE = 0.6 across irrigation treatments), one fruit/spur (4.7 fruit/cm 2 TCA ± SE = 0.3), or one fruit every fourth spur (1.5 fruit/cm 2 TCA ± SE = 0.1).
Soil moisture was measured every 2 to 4 weeks and at 15-cm intervals down the profile to bedrock, 0.8 to 1.2 m below the surface. We used a neutron probe and PVC access tubes, with six tubes/plot in 1988 and 16 in 1989. Midday stem water potential (Ψ stem ) was measured on covered leaves by the method of Garnier and Berger (1985) , except with a 30-min equilibration interval. Three leaves/tree were sampled between 1300 and 1600 HR. Leaf conductance (g l ) was measured with a steady-state porometer (LI-COR 1600; LI-COR, Lincoln, Neb.) between 1300 and 1600 HR on five leaves/tree. Leaves selected for Ψ stem and g l measurements were the largest basal leaves of current-season shoots, 1.5 m above the soil surface and fully exposed to the sun.
Fruit diameter of 10 tagged fruit/tree was measured every 7 to 14 days and fruit volume was estimated assuming spherical fruit. Fruit were harvested 18 Sept. 1988 and 9 Sept. 1989. Shoot lengths were measured after terminal buds were observed to have set. Trunk circumference was measured in autumn, 25 cm above the soil line.
Data were collected only on 'Delicious' and were analyzed as a block design using the GLM procedure of the statistical analysis system (SAS Institute, 1988) . Three trees/treatment in each block were sampled. To separate irrigation from cropload effects, especially those of 1988, data from both years were combined in single analyses, and cropload (fruit/TCA) was used as a covariate in the analyses. A quadratic effect of cropload was tested in all models and was removed because it was nonsignificant. Cropload was usable as a covariate because the cropload levels were established before measurements were made. In analyses that included days from full bloom (DFFB), irrigation main effects were initially tested by year using a repeated measures analysis, but since the Huynh-Feldt (SAS Institute, 1988) test of compound symmetry was not significant in all analyses, data were reanalyzed as a split-plot, which combined years, included cropload as a covariate, and included appropriate interactions. In the absence of significant interactions, main effect means were separated using LSD.
Results and Discussion
Soil moisture approached PWP near the end of the RDI period, which produced midseason drought stress. Ψ stem and g l of the RDI trees reached their lowest values and were lower than those for the control trees at the end of the RDI period (Table 1 ). RDI about halved fruit growth rates compared to the controls. After full irrigation was restored, the irrigation × DFFB interaction was nonsignificant because Ψ stem , g l , and fruit growth rate of RDI trees were immediately brought to levels similar to those of the controls, as shown by similar irrigation main effect means. An exception was g l of RDI/trickle-irrigated trees, which was brought up to ≈80% of the controls.
Ψ stem was not affected by cropload. The irrigation × cropload interaction was nonsignificant for g l and fruit growth rate, indicating that slopes of all irrigation treatments were similar. The slopes of g l and fruit growth rate regressed against cropload were 0.0041 and -0.17, respectively, at the end of the RDI period and 0.0004 and -0.11, respectively, after full irrigation was restored. RDI favored reproductive growth over vegetative growth by suppressing vegetative growth. RDI and the trickle control reduced the number and length of vigorous shoots compared to the furrow control ( Table 2) . Part of the greater growth of furrow-irrigated trees may have been related to their size before the experiment was begun, since TCA of these trees was ≈30% larger than for the trickle control and RDI trees, which had similar TCA. We expected that trees with larger structural frames would produce more shoots than smaller trees; additionally, the length of those shoots would not necessarily be related to tree size. RDI/trickle provided additional control of shoot length relative to the trickle control. Cropload did not affect shoot length, but there was an inverse relationship between the number of vigorous shoots and cropload (slope = -1.2 ± SE = 0.5). Partitioning of growth was shifted from trunk cross-sectional area increase (TCAI) to yield when full irrigation was restored by microsprinklers, compared to the furrow control, but means of both of those treatments were similar to the means of the RDI/trickle and trickle control. Fruit yield (kg/tree) was similar across all treatments, so the improvement of partitioning by RDI was due to suppression of TCAI. Yield efficiency of the RDI treatments was similar to or better than that of the controls. There was a significant irrigation × cropload interaction on fruit weight at harvest (Fig. 1) . Weight of fruit from furrow-irrigated trees was most strongly affected by cropload; RDI/ trickle was least affected by cropload, with the trickle control and RDI/trickle intermediate. Orchards with more vigorous vegetative growth than the trees in this study would likely benefit more from RDI. Table 1 . Stem water potential (Ψ stem ), leaf conductance (g l ), and fruit growth rate (FGR) of 'Delicious' apple trees the last week of the regulated deficit irrigation (RDI) period and the mean after full irrigation was restored. In managing an RDI program to control vegetative growth, fruit volume measurements can be useful information in helping decide when to end RDI. Assuming that fruit growth resumes at a normal rate when full irrigation is restored, RDI should be ended before fruit volume falls below the standard curve. Thinning can compensate for water deficit.
Mean after
RDI can be used to control vegetative growth and improve yield efficiency of apple trees. To ensure that volume per fruit at harvest is not reduced by RDI, we propose that regular measurements of fruit size be compared to size standards that are used in the industry to estimate at-harvest volume as a guide to hand-thinning requirements. 
Of shoots >20 cm. y TCA = trunk cross-sectional area (square centimeters), TCAI = trunk cross-sectional area increase (square centimeters).
x Not included in the statistical model. NS,*,**,*** Nonsignificant or significant at P ≤ 0.10, 0.05, or 0.01, respectively. Mean separation in columns by LSD, P ≤ 0.05.
RDI and the trickle control treatments provided substantial water savings compared to furrow irrigation over the two years of the experiment. Average water applied for both years was 420, 720, 450, and 825 mm for the RDI/trickle, RDI/microsprinkler, trickle control, and furrow control, respectively.
In using a standard growth curve to aid decisions regarding RDI, it is important to consider the additional effect of cropload on the rate of fruit growth. The 1989 fruit growth data, reflecting their clearly established three levels of cropload, best illustrates the comparison of a standard curve to actual fruit volume measurements (Fig. 2) . Until the trees were thinned, fruit growth rate was suppressed and fruit volume was slightly below the standard curve. After thinning, the moderately cropped furrow and trickle controls had fruit volumes that generally followed the standard curve, although the curve for the trickle control was a little higher. Overcropping resulted in lower and undercropping in higher fruit volume than the standard curve. RDI suppressed fruit volume below the standard curve during RDI, except for fruit on the low-cropped, RDI/ microsprinkler trees. After full irrigation was restored, fruit volumes for the moderately cropped RDI/microsprinkler trees and the lowcropped RDI/trickle trees were similar to the volumes indicated by the standard curve at harvest. (Batjer et al., 1957) and 'Delicious' fruit growth in 1989 by irrigation treatment and at three croploads. Each data point is the mean of three trees, one from each block. Vertical bars are ± SE of the mean; bars not shown are within the height of the data point symbol.
